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Starved cells ofStreptococcus lactis ML3 grown previously on lactose, galactose,
or maltose were devoid of adenosine 5'-triphosphate and contained only three
glycolytic intermediates: 3-phosphoglycerate, 2-phosphoglycerate, and phospho-
enolpyruvate (PEP). The three metabolites (total concentration, ca. 40 mM)
served as the intracellular PEP potential for sugar transport via PEP-dependent
phosphotransferase systems. When accumulation of [14C]lactose by iodoacetate-
inhibited starved cells was abolished within 1 s of commencement of transport, a
phosphorylated disaccharide was identified by autoradiography. The compound
was isolated by ion-exchange (borate) chromatography, and enzymatic analysis
showed that the derivative was 6-phosphoryl-O-,B-D-galactopyranosyl (1 -* 4')-
a-D-glucopyranose (lactose 6-phosphate). After maximum lactose uptake (ca. 15
mM in 15 s) the cells were collected by membrane filtration and extracted with
trichloroacetic acid. Neither free nor phosphorylated lactose was detected in cell
extracts, but enzymatic analysis revealed high levels of galactose 6-phosphate and
glucose 6-phosphate. The starved organisms rapidly accumulated glucose, 2-
deoxy-D-glucose, methyl-,8-D-thiogalactopyranoside, and o-nitrophenyl-,f-D-ga-
lactopyranoside in phosphorylated form to intracellular concentrations of 32, 32,
42, and 38.5 mM, respectively. In contrast, maximum accumulation of lactose (ca.
15 mM) was only 40 to 50% that of the monosaccharides. From the stoichiometry
of PEP-dependent lactose transport and the results of enzymatic analysis, it was
concluded that (i) ca. 60% of the PEP potential was utilized via the lactose
phosphotransferase system for phosphorylation of the galactosyl moiety of the
disaccharide, and (ii) the residual potential (ca. 40%) was consumed during
phosphorylation of the glucose moiety.

Group N streptococci (Streptococcus lactis,
S. cremoris, and S. diacetylactis) are industri-
ally important microorganisms by virtue of their
ability to ferment lactose rapidly and in homo-
lactic fashion to lactic acid (24, 25).
The transport and subsequent metabolism of

lactose by group N streptococci is believed to
occur by a metabolic sequence similar to that
proposed for Staphylococcus aureus (Fig. 1). In
this organism entry and accumulation of lactose
is mediated via the phosphoenolpyruvate (PEP):
lactose phosphotransferase system (lac-PTS)
(11, 18, 31), in which the disaccharide becomes
phosphorylated simultaneously with transloca-
tion (for a review, see reference 33):

Mg2+
PEP + enzyme I v P-enzyme I + pyruvate (1)

P-enzyme I + HPr = P-HPr + enzyme I (2)

P-HPr + ½hfactor III"ac = 1k3P-factor III'ac + HPr (3)

hP-factor III'ac + lactose
Mg bc2 ()

lactose 6-P + 'A3factor IIIac(4
enzyme HI.B`

'

In this multicomponent system the two general
proteins, HPr and enzyme I, are both soluble
and are synthesized constitutively. The fl-ga-
lactoside-specific proteins factor III'c and en-
zyme II-Bl"C (35-37) are thought to be induced
by galactose 6-phosphate (gal 6-P) (31). Heng-
stenberg et al. (15) reported the accumulation of
lactose by S. aureus as the monophosphate es-
ter, and the primary hydroxyl group (C-6) of the
galactosyl moiety was the suggested site of phos-
phorylation (lactose 6-phosphate [lac 6-P], re-
action 4). Cleavage of lac 6-P by phospho-,8-D-
galactoside galactohydrolase (19) yields glucose
and gal 6-P, which are further metabolized by
the Embden-Meyerhof and D-tagatose 6-phos-
phate pathways (3, 4), respectively.
A similar scheme for lactose fermentation by

group N streptococci is suggested by comple-
mentation studies (1, 10, 28) of the lac-PTS (28,
29, 40) and by the fact that enzymes of the
proposed pathways (5, 20, 30) are present in
lactose-grown (and galactose-grown) organisms.
However, with the exception of S. aureus, lac 6-
P has not been isolated from any other micro-
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FIG. 1. Probablepathways for lactose and glucose
fermentations by S. aureus and group N streptococci.
Daggers (t) indicate compounds comprising the total
PEPpotential in starved cells ofS. lactis ML3; single
asterisks (e) indicate intermediates identified and
assayed by enzymatic analysis after lactose uptake
by IAA-inhibited starved cells of S. lactis ML3; and
the double asterisk (**) indicates the first intracel-
lular derivative of PEP-dependent lactose transport
in S. aureus. Dashed lines show points of inhibition
by p-chloromercuribenzoate (pCMB), IAA, and fluo-
ride (F-). PTS refers to PEP:sugar PTSs. P-,3-gal,
/3-D -Phosphogalactosidegalactohydrolase; HK, hex-
okinase; PK,pyruvatekinase; TMG, methyl-13-D -thio-
galactopyranoside; 2-DG, 2-deoxy-D -glucose.

organism, and although frequently inferred (7,
10, 30), the formation of this derivative by group
N (or other) streptococci has not been reported.
Recent studies in this laboratory (40, 41)

showed that (i) starved cells of S. lactis ML3
maintained a PEP potential of ca. 40 mM, and
(ii) PTSs were resistant to iodoacetate (IAA).
The capacity to dissociate sugar transport from
subsequent glycolysis was exploited in this in-
vestigation for the isolation of the first intracel-

lular derivative of PEP-dependent lactose trans-
port in S. lactis. The results of in vivo experi-
ments suggest that the phosphorylations of the
galactosyl and glucosyl moieties of the disaccha-
ride are mediated by separate but highly inte-
grated mechanisms when the PEP potential is
used as the endogenous phosphoryl donor.

MATERIALS AND METHODS
Organism. S. lactis ML3 was obtained from the

culture collection of the New Zealand Dairy Research
Institute.

Culture maintenance and growth of cells. The
organism was maintained and grown in a chemically
defined medium (39) containing galactose (0.5%, wt/
vol) as the fermentable energy source, except where
otherwise stated. A homogenous, thick suspension of
the starved cells containing 20 to 25 mg (dry weight)
of cells per ml was prepared as described previously
(39).
Determination of intracellular PEP potential

of starved cells by ONPG hydrolysis. Samples of
the thick cell suspension (2 to 8 mg [dry weight] of
cells) were suspended in 4.8 ml of 0.05 M Tris-maleate
buffer (pH 7.0) containing 10 mM IAA. After 10 min
of incubation at 300C, 0.2 ml of 0.01 M o-nitrophenyl-
fl-D-galactopyranoside (ONPG) solution was added to
each system, and incubation was continued for an
additional 20 min. Subsequently, 1 ml of a 1 M Na2CO3
solution was added to each system (final pH, 10.4),
and cells were removed by centrifugation (12,000 x
g, 5 min). The absorbances of the clarified supematant
fluids were determined with a Unicam SP 500 spectro-
photometer (Pye Unicam Ltd., Cambridge, England)
operated at 420 nm with a 1-cm light path, and o-
nitrophenol (ONP) formation was determined from a
standard curve.
Accumulation of sugars by starved cells. In the

standard procedure, ca. 80 to 100 p1 of thick cell
suspension was added to 9.8 ml of 0.1 M Tris-maleate
buffer (pH 7.0) containing 10 mM IAA to obtain a
final cell density of 200 ug (dry weight) of cells per ml.
After 10 min of incubation "C-labeled sugar was added
(usually 0.1 mM; specific activity, 0.2 to 0.5 uCi/4mol),
and accumulation was followed by using the mem-
brane filtration and liquid scintillation techniques de-
scribed previously (39). All transport experiments were
performed at 30°C. In kinetic studies initial rates of
['4C]lactose uptake were determined after 5 s of incu-
bation.

Preparation of cells containing [14C]PEP po-
tential. Freshly prepared starved cells were resus-
pended in 20 ml of 0.1 M Tris-maleate buffer (pH 7.0)
containing 1.25mM [ U-_4C]glucose (0.44 ItCi/4mol) at
a density of 6 mg (dry weight) of cells per ml. This
amount of glucose would be consumed in approxi-
mately 2 min (42), but to ensure that starved cells
contained only 14C-labeled PEP potential, the incu-
bation was continued for 10 min. The cells were col-
lected by centrifugation (12,000 x g, 1 min), the
supernatant fluid was decanted, and the cell pellet was
resuspended with 5.5 ml of 0.1 M Tris-maleate buffer,
pH 7.0.

Utilization of intracellular [14C]PEP potential
during sugar transport. In these experiments 1-ml

.-.:
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volumes of the previously described '4C-labeled cell
suspension (ca. 20 mg [dry weight] of cells) were
suspended in 9 ml of 0.1 M Tris-maleate buffer (pH
7.0) containing, when required, 1 mM p-chloromercu-
ribenzoate or 10 mM IAA. After 10 min of incubation
at 30°C, glucose or lactose (final concentration, 0.5
mM) was added to the appropriate system, and 20 s
later the cells were collected by membrane filtration.
The cells were extracted as described in a previous
report (40). The freeze-dried residues were reconsti-
tuted with 200 pl of distilled water, and 10-pl samples
were assayed qualitatively by thin-layer chromatog-
raphy.

Intracellular derivatives from [14CJlactose
transport (>15 s). Starved cells were suspended at a
density of 1 mg (dry weight) per ml in a series of four
flasks, each containing 10 ml of 0.1 M Tris-maleate
buffer (pH 7.0) plus 10 mM IAA. After 10 min of
preincubation, ['4Cllactose (specific activity, f tCi/
,Lmol) was added to a final concentration of 0.2 mM,
and after 15 s the cells were collected by filtration
through a membrane filter (diameter, 47 mm; pore
size, 0.8 um) and transferred immediately to 5 ml of
10% (wt/vol) trichloroacetic acid solution at 00C. This
procedure was repeated with the remaining systems,
allowing 25 s, 35 s, and 4 min of incubation, respec-
tively. Cell extracts were prepared as described previ-
ously (8, 41), and freeze-dried residues were reconsti-
tuted with 0.3 ml of distilled water. Radiolabeled de-
rivatives were separated by thin-layer chromatogra-
phy (9) on polyethyleneimine-cellulose and identified
by autoradiography and co-chromatography with
standard compounds (40). Qualitative identifications
of free and phosphorylated sugars were confirmed by
ion-exchange chromatography (see Fig. 8) and high-
voltage electrophoresis (see Fig. 9). In these experi-
ments 0.1 ml of reconstituted extract (ca. 180,000 cpm)
was mixed with 0.4 ml of 0.05 M imidazole-hydrochlo-
ride buffer, pH 7.5. Alkaline phosphatase (10 U, Esch-
erichia coli) was added to a duplicate system. After
incubation for 1 h at 250C, the solutions were trans-
ferred to anion-exchange columns (0.6 by 4 cm; Bio-
Rad AGI-X4 resin; 100 to 200 mesh; formate form).
Free sugars and phosphorylated derivatives were
eluted sequentially with distilled water and a solution
of 0.5 M ammonium formate in 0.2 M formic acid,
respectively (26, 40). Fractions (0.5 ml) were collected,
and radioactivity was determined by mixing 50-jil sam-
ples from each fraction with 8 ml of scintillation cock-
tail (100 g of naphthalene plus 5 g of PPO [2,5-diphen-
yloxazole] per liter of dioxan). A quench correction
was applied for samples eluted with the formic acid-
ammonium formate solution, and recovery of '4C-la-
beled material was ca. 100%. Free sugar fractions ob-
tained before (see Fig. 8, peak F,) and after (peak F2)
alkaline phosphatase treatment were pooled, freeze
dried, and reconstituted with 75 Al of distilled water.
For high-voltage electrophoresis (4,000 V, 100 mA, 45
min) 15-pd samples were applied to Whatman no. 1
chromatography paper presoaked with 0.05 M sodium
borate buffer (pH 10.4) together with 25 ,ug of sugar
standards and 2,3,4,6-tetramethylglucose as an endos-
mosis marker. Sugars were identified by heating the
electropherogram at 120°C after spraying with p-ami-
nohippuric-phthalic acid reagent or by autoradiogra-

phy. MG values for standard sugars were as follows:
glucose, 1.0; galactose, 0.94; fructose, 0.88; and lactose,
0.48.

Separation of sugars and sugar phosphates by
ion-exchange chromatography. The separation of
sugar and sugar-phosphate mixtures by ion-exchange
chromatography (as borate complexes) has been de-
scribed by Khym and Cohn (23), and the modified
procedure of Lefebvre et al. (27) was used in this
study. Analytical-grade anion-exchange resin (Bio-
Rad Laboratories; AGI-X4; 100 to 200 mesh; Cl- form)
was washed successively with 1 N NaOH, 3 N HCI,
and finally 0.6 M potassium tetraborate to convert the
resin into the borate form. Columns (0.9 by 100 cm)
were packed with resin, a sample (0.5 ml) was applied,
and elution was performed by using a linear gradient
(0.1 to 0.6 M) of freshly prepared ammonium tetra-
borate. The 0.1 and 0.6 M ammonium tetraborate
solutions were prepared by adding 9.9 and 59.4 g of
H3B03, respectively, to ca. 300 ml of distilled water,
adjusting to pH 10 by adding aqueous ammonia (spe-
cific gravity, 0.89), and finally making up the volume
to 400 ml with water. During gradient elution (total
volume, 800 ml) fractions of 3.5 ml were collected at a
flow rate of ca. 1.3 in/min, and 0.1-ml volumes of
alternate fractions were assayed for 14C. The elution
profiles of free sugars and sugar phosphates standards
were determined by the anthrone method (2), using
0.5 ml of each fraction, and ketose compounds were
confirmed by the procedure of Roe (34).

Isolation of ["4C]lactose-phosphate. Starved
cells of S. lactis ML3 were suspended at a density of
25 mg (dry weight) of cells per ml in 0.1 M Tris-
maleate buffer (pH 7.0) containing 10 mM IAA. Three
1-ml volumes of cell suspension were incubated for 10
min at 30°C, and ['4C]lactose was added to each sys-
tem to a final concentration of 0.32 mM (specific
activity, 5t,Ci/,mol). Sugar transport was halted after
1 s by injection of 5 ml of 12% (wt/vol) trichloroacetic
acid solution at 00C. The three solutions were main-
tained at this temperature for ca. 20 min and then
centrifuged at 27, 000 x g for 10 min. The clarified
supematant fluids were extracted with five 6-ml vol-
umes of water-saturated diethyl ether, pooled, ad-
justed to pH 7.0 by the addition of K2CO3, and freeze
dried. The residue (7.6 x 106 cpm) was reconstituted
to 0.7 ml with distilled water, and 0.5 ml of the solution
was applied to the ion-exchange column (borate form)
and eluted with ammonium tetraborate. Fractions
containing presumptive ['4Cllactose-phosnhate (ca.
1.48 x 106 cpm) were pooled and freeze dried. Am-
monium tetraborate was removed (as methyl borate)
by repeated distillation with anhydrous methanol (six
times, 50 ml each) in vacuo (32, 44).
The residue was dissolved in water, residual am-

monium ions were removed by ion-exchange (H+)
chromatography, and the eluent was taken to dryness
by rotary evaporation. After a final distillation with
methanol, the residue (ca. 1.35 x 106 cpm) was taken
up with 0.55 ml of distilled water.
Enzymatic analyses. Intracellular metabolites

and free sugars present in cell extracts were assayed
enzymatically by using fluorescence spectrophotome-
try as described previously (40, 41). All assays were
conducted at 250C, using 10 to 30 ll of cell extract.
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Glucose 6-phosphate (G6P) and fructose 6-phos-
phate (F6P) were assayed by the sequential addition
of glucose 6-phosphate dehydrogenase (D-glucose-6-
phosphate:NADP 1-oxidoreductase, EC 1.1.1.49; bak-
ers' yeast, 4 U) and phosphoglucose isomerase (D-
glucose-6-phosphate ketol-isomerase, EC 5.3.1.9;
yeast, 4 U) to the same cuvette containing 5 ,uM NADP
and 5 mM MgCl2*6H20. The amount of time required
for completion of each reaction step was ca. 5 min.

Glucose was determined by the addition of glucose-
6-phosphate dehydrogenase (1.2 U) and hexokinase
(ATP:D-hexose-6-phosphotransferase, EC 2.7.1.1;
yeast, 4.4 U) to the assay system which contained 0.05
M imidazole-hydrochloride buffer (pH 7.5), 4,uM ATP,
5 yM NADP, and 5 mM MgCl2.6H20.
ATP was assayed as described above for glucose,

except that ATP was omitted and 0.1 mM glucose was
included in the assay system (14).

Galactose and gal 6-P were determined by a fluori-
metric modification of the method of Grassl (13). Free
sugar was determined by using the galactose dehydro-
genase (D-galactose:NAD 1-oxidoreductase; EC
1.1.1.48)-NAD coupled indicator system. The basal
assay system contained 0.05 M imidazole-hydrochlo-
ride buffer (pH 7.5), 10lOM NAD, and galactose de-
hydrogenase (Pseudomonas fluorescens; 0.4 U).The
reaction time was 60 min at 25°C. Gal 6-P was meas-

ured as the free sugar after incubation with alkaline
phosphatase (EC 3.1.3.1, E. coli).
Paper chromatography. Separation of sugars and

phosphorylated derivatives in cell extracts was per-
formed by ascending chromatography (20 h) on What-
man no. 1 paper, using the solvent I system (pH 5.5)
described by Wawszkiewicz (43). Phosphate com-

pounds were identified as white spots on a pink back-
ground upon dipping the chromatogram in (i) a solu-
tion containing 50 mg of FeCl3, 3 ml of 0.3 M HCI, and
97 ml of acetone, followed by (ii) 1.25% (wt/vol) sul-
fosalicylic acid in acetone. Free sugars were also sep-
arated by descending chromatography on Whatman
no. 1 paper (24 h), using a butyl acetate-ethanol-pyri-
dine-water (8:2:2:1, vol/vol) solvent. Sugars were lo-
cated by spraying the dry chromatogram with alkaline
silver nitrate solution. Radioactive compounds were

detected by autoradiography.
Intracellular solute concentrations. The milli-

molar concentrations of intracellular metabolites were
calculated on the assumption that for S. lactis ML3 1
g (dry weight) of cells was equivalent to 1.67 ml of
intracellular (protoplast) fluid (39). A similar value
(ca. 1.5 ml) has been reported by Kashket and Wilson
(21) for S. lactis 7962.
Reagents. Chemicals and enzymes were purchased

from the Sigma Chemical Co., St. Louis, Mo. D-[ U-
'4C]glucose and [D-glucose-1-'4C]lactose were from the
Radiochemical Centre, Amersham, England, and
[methyl-"C]-,8-D-thiogalactopyranoside was pur-

chased from New England Nuclear Corp., Boston,
Mass. Precoated layers of polyethyleneimine-cellulose
were obtained from Macherey, Nagel and Co., Duren,
Germany.

RESULTS

Intracellular PEP potential of starved
cells. By enzymatic analysis, starved cells of S.

lactis ML3 were found to contain an intracellular
pool of three glycolytic intermediates, namely 3-
phosphoglycerate (28.9 mM), 2-phosphoglycer-
ate (5.3 mM), and PEP (11.3 mM), which were
equivalent to a PEP generating potential of ca.
45 mM (40). A similar estimate (ca. 38.5 mM)
for this potential was obtained indirectly in this
study by using the chromogenic lactose analog
ONPG, as shown by the following equations:
ONPG + PEP

lac-PTS
) ONPG 6-phosphate + pyruvate

ONPG 6-phosphate
P gal ONP + galactose 6-phosphate

(P-f-gal is phospho-,f-D-galactoside galactohy-
drolase.) Cells of S. lactis ML3 do not contain
,8-galactosidase, and ONP formation should
therefore reflect the PEP potential, provided
that there is a tight coupling of the reactions
(22). It was found (Fig. 2A) that ONP production
by IAA-inhibited starved cells was directly pro-
portional to cell density (64.3 ymol/g [dry
weight] of cells). From this value and by assum-
ing an intracellular (protoplast) volume of 1.67
ml/g, the calculated PEP potential was approx-
imately 38.5 mM. In the presence of F- (an
inhibitor of enolase in vivo) (41), the formation
of ONP was reduced by ca. 76% (15.5 timol/g
[dry weight] of cells), which is indicative of an
available PEP potential of only 9.3 mM. A the-
oretical reduction of 75% would have been pre-
dicted from the enzymatic analysis data (see
above). No liberation of ONP occurred when
cells were exposed to p-chloroinercuribenzoate,
suggesting inhibition of the lac-PTS (Fig. 2A).
Stoichiometry of PEP-dependent sugar

accumulation. S. lactis ML3 accumulated glu-
cose and methyl-,8-D-thiogalactopyranoside to
maximum intracellular concentrations of 32 and
42 mM, respectively (Fig. 2B). Under similar
conditions 2-deoxy-D-glucose was accumulated
by starved cells to a maximum of ca. 32 mM
within 20 s (40). These data suggested a stoichi-
ometric ratio of ca. 0.8 to 1.0 for monosaccharide
accumulated/PEP potential utilized by the ap-
propriate PTS. Separate experiments showed
that the lac-PTS displayed a high affinity for
the disaccharide (MKn, =21 ,uM; Vmax, =150 ,umol/
g [dry weight] of cells per min). Maximum ac-
cumulation of lactose (ca. 15 mM) was attained
within 10 to 15 s (Fig. 2B), but after this time
rapid efflux of intracellular material occurred,
and only 40% of the radioactivity initially pres-
ent (at 15 s) remained within the cells after 4
min of incubation. Maximum uptake of ['4C]-
lactose was only 40 to 50% that of the monosac-
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FIG. 2. (A) Effects of inhibitors upon ONPG hy-
drolysis by starved cells of S. lactis ML3. The cells
were suspended at the densities shown in 5 ml of 0.05
M Tris-maleate buffer (pH 7.0) containing 0.4 mM
ONPG and the inhibitors at the designated concen-
trations. Symbols: 0, control (10 mM IAA); , 2 mM
NaF; 0, I mM p-chloromercuribenzoate. Other con-
ditions were as described in the text. (B) Accumula-
tion of sugars by starved cells of S. lactis ML3. Cells
were suspended at a density of 200 pg (dry weight)
per ml in 0.1 M Tris-maleate buffer (pH 7.0) contain-
ing 10 mM IAA. After 10 min of preincubation the
following sugars were added to the appropriate sys-
tem: 0.1 mMM[14Clglucose (0); [methyl-"4C]-,/-D-thio-
galactopyranoside (0); and 0.1 mM ["4Cllactose
(O). The specific activity of all sugars was 0.2 ,uCi/
,imol.

charides. This result suggested that only one-

half of the available PEP potential had been
utilized for lactose translocation, but as Fig. 3
shows, this was not the case.
Accumulation of sugars and utilization of

PEP potential. Starved cells of S. lactis ML3
were prepared containing ["4C]PEP potential
(see above). Autoradiography by thin-layer
chromatography showed that an extract pre-

Origin

1 2 3 4 5

FIG. 3. Utilization oftotal intracellular ['4C]PEP
potential during uptake of glucose and lactose by
intact cells of S. lactis ML,. Cells containing [14C1-
labeled PEP potential were suspended at a density
of 2 mg (dry weight) per ml in 0.1 M Tris-maleate
buffer (pH 7.0) containing 10mMIAA (control) (lane
1), 0.5 mM lactose plus 10 mM IAA (lane 2), 0.5 mM
lactose plus 1 mMp-chloromercuribenzoate (lane 3),
0.5mM glucoseplus 10mM IAA (lane 4), and 0.5mM
glucose plus 1 mMp-chloromercuribenzoate (lane 5).
After 20 s cells were collected by filtration, extracts
were prepared, and samples were assayed by auto-
radiography. Band 1, ['4C]lactic acid; band 2, radio-
active mixture of PEP potential intermediates. Sol-
vent fronts (1) and (2) refer to water and lithium
chloride-formic acid, respectively.

pared from such cells contained two major bands
of radioactivity (Fig. 3, lane 1); band 1 was
identified as [14C]lactic acid, and band 2 con-
tained the three metabolites comprising the
[14C]PEP potential. Maximum accumulation of
lactose and glucose by IAA-inhibited starved
cells resulted in total utilization of the ['4C]PEP
potential (Fig. 3, lanes 2 and 4, respectively). It
is of interest to note that p-chloromercuriben-
zoate selectively inhibited the lac-PTS (Fig. 3,
lane 3), confirming previous findings (Fig. 2A).

Intracellular derivatives formed within 1
s of commencement of [14C]lactose trans-
port. Transport of [14C]lactose by IAA-inhibited
starved cells was arrested within 1 s of com-
mencement by direct injection of trichloroacetic
acid solution into the incubation medium (see
above). The complete system was extracted, and
five radioactive compounds were detected by
paper chromatography (Fig. 4, lane 2). The ma-
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FIG. 4. Autoradiographic identification of metab-
olites formed by S. lactis ML3 after ca. I s of incuba-
tion with ["4CJlactose. The complete incubation me-
dium was extracted, and conditions for ascending
paper chromatography were as described in the text.
Sugar-phosphate standards (dotted areas) were lo-
cated after autoradiography. Lane 1, ['4C]glucose
(20,00) cpm) and 06P (0.25 pmol); lane 2, 8 1ld (ca.
70,000 cpm) of reconstituted cell extract; lane 3,
["4Cflactose (20,000 cpM) and F6P (0.25 pmol).

jor component, ["'C]lactose (60%), was derived
from the medium, and the four remaining com-
pounds were extracted from within the cells;
these four were ["4C]glucose (20%), ["4C]G6P
(4%), ["4C]F6P (1%), and an unidentified com-
ponent X, which constituted 15% of the total
radioactivity of the extract.

Identification of compound X. Chromato-
graphic migration ofthe unidentified material X
(Fig. 4) suggested an anionic (phosphate?) com-
pound. Phosphorylated materials in the extract
were therefore separated from free sugars as
described below (see Fig. 8). Formic acid and
ammonium formate were removed in vacuo, and
the residue was reconstituted with 200 pl of

distilled water. Samples (40 ,ul) were incubated
with (i) alkaline phosphatase and (ii) alkaline
phosphatase plus /3-galactosidase. Alkaline
phosphatase treatment produced two radioac-
tive components corresponding to [14C]glucose
(30%) and [t4C]lactose (70%) (Fig. 5, lane 1).
After incubation with both enzymes, more than
91% of the total radioactivity was recovered as
[I4C]glucose (Fig. 5, lane 2). After alkaline phos-
phatase treatment, 4.5 umol of glucose (from
G6P) and 11.4 nmol of galactose (from gal 6-P)
were found in the assay system by enzymatic
analysis. The combined effects of alkaline phos-
phatase plus ,8-galactosidase yielded 9.5 nmol of
glucose and 16.1 nmol of galactose. Subtraction
of the analytical data showed that the lactose
derivative had a composition of 5 nmol of glucose
and 4.7 nmol of gal 6-P. Derivative X (Fig. 4)
was therefore a lactose monophosphate in which
phosphorylation occurred on the galactosyl moi-
ety (i.e., lac 6-P).

Isolation of lactose phosphate by ion-
exchange chromatography. IAA-inhibited
starved cells were incubated for 1 s with [14C]-
lactose and extracted as described above. A por-
tion of the extract was fractionated by ion-ex-
change chromatography (Fig. 6B). Approxi-
mately 93% of the radioactivity was recovered in
four major peaks: lactose (42%), glucose (20%),
G6P (9%), and a derivative eluted- at ca. 0.24 M
ammonium tetraborate and presumed to be lac-

3

i

'S
L

.4i_.

-

-
-
-

I

K. I

- origiri

- lactose

- gluc:ose

- frUtCose

FIG. 5. Autoradiographic identification of intra-
cellular "C-labeled sugar phosphates formed ca. I s
after ['4Cllactose uptake. The preparation of the
sugar-phosphate fraction and the method ofdescend-
ing paper chromatography were as described in the
text. Lane 1, sugar-phosphate incubated with alka-
line phosphatase; lane 2, sugar-phosphate incubated
with alkalinephosphataseplus ,8-galactosidase; lane
3, standard mixture of ['4C]lactose, ["C/glucose
(both 20,000 cpm), and unlabeled fructose (0.25 p,mol).
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FIG. 6. (A) Separation of a mixture of standa
sugars and sugar phosphates by ion-exchange a
rate) chromatography. The broken line represents I
gradient from 0.1 to 0.6 M ammonium tetrabor(
(total volume, 800 ml). The 0.5-ml mixture applied
the column contained 20 umol of each compoui
Other conditions were as described in the text.
Identification ofradioactive metabolites formed by
lactis ML3 after 1 s of incubation with ['4C]lacto
The experimental procedure was as described in I
text. (Inset) Autoradiographic profile of the extri
obtained by paper chromatography using I
"wedge" technique.

tose-phosphate (29%). These data showed th
within ca. 1 s approximately 60% of the lacto
initially present in the medium had been acc
mulated by the cells. Enzymatic analysis w
used to assay the metabolites (nanomoles) in t
sample (0.5 ml) applied to the column, and frc
the known cell density an approximate val
was obtained for the intracellular concentrati4
of each metabolite within 1 s of incubation; the
values were: [14C]lactose phosphate, 146 nnr
(2.3 mM); ['4C]glucose, 122 nmol (1.9 mN
['4C]G6P, 156 nmol (2.5 mM); [14C0F6P, tra
amount only; galactose, 14 nmol (0.2 mM); a:
gal 6-P, 257 nmol (4.1 mM). It should be not
that the total concentration of glucose plus Go
was almost the same as the intracellular conce

tration of gal 6-P. Fractions 64 to 82 (Fig. 6B)
were pooled and freeze dried, and after removal
of tetraborate by methanol distillation, ca. 80
nmol of putative lactose phosphate was ob-
tained. The material was chromatographically
pure, cochromatographed with a-lactose 1'-
phosphate (Rf, 0.14), and migrated more slowly
than either G6P (Rf, 0.28) or gal 6-P (Rf, 0.25).

Intracellular derivatives formed after
- maximum accumulation of [14CJlactose

2 (>15 s). The presence of G6P in starved cells at
1 s after commencement of lactose transport
(Fig. 4) was unexpected since (i) ATP was not
detectable in starved cells and (ii) IAA pre-
vented ATP generation from glycolysis (Table
1). The following experiments indicated partici-
pation of the PEP potential in phosphorylation
of the glucosyl moiety of the disaccharide.

(i) Chromatographic analysis of cell ex-

tracts. IAA-inhibited starved cells were incu-
bated with [D-glucose-1- 4C]lactose, and at in-
tervals of 15, 25, and 35 s and 4 min the cells

were collected by membrane filtration and ex-

tracts were examined by thin-layer chromato-
<

graphic autoradiography (Fig. 7). The chromat-
ographic characteristics of bands A and B indi-
cated free sugar(s) and phosphorylated deriva-
tive(s), respectively. A portion of the 15-s extract
was applied to an ion-exchange column and sep-

mrd arated into free sugars and phosphorylated de-
!'o- rivatives (Fig. 8). A second portion of the extract
the was treated with alkaline phosphatase. The re-
,ate sultant chromatographic profile (Fig. 8) showed
to a threefold increase in free sugar(s) and the

nd.

(B) TABLE 1. Intracellular ATP concentrations in
y Se. intact cells of S. lactis ML3 maintained under)se.

different physiological conditions

,act
the

iat
)se
cu-

vas
he
Dm
lue
on
ese
nol

ice
nd
ted
r6P
en-

Intracellular ATP
Physiological statea concn (mM)

Expt 1 Expt 2

Starved cells NDb ND
Glycolyzing celis 5.67 6.50
Glycolyzing cells (+IAA) 0.23 0.57
Glycolyzing cells (+ p- 0.79 0.68

chloromercuribenzoate

aIncubation systems and experimental protocol
were as described in the text. IAA and p-chloromer-
curibenzoate were added to glycolyzing cell suspen-
sions to final concentrations of 10 and 1 mM, respec-
tively. The cells were collected by membrane filtration
at 30 s after addition ofthe-SH reagents; cell extracts
were prepared and assayed for ATP as described in
the text.

b The sensitivity of the fluorimetric assay for ATP
was 2 x 10-" mol, which if present in 30 pl of cell
extract (see text) would be equivalent to an intracel-
lular nucleotide concentration of ca. 0.1 mM. ND, Not
detectable.
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FIG. 7. Time course autoradiographic analysis by
thin-layer chromatography of intracellular metabo-
lites formed during ["Cilactose accumulation by
IAA-inhibited starved cells ofS. lactis ML3. The cells
were suspended at a density of 1 mg (dry weight) per
ml in 0.1 M Tris-maleate buffer (pH 7.0) containing
10 mM IAA. After 10 min of incubation, 0.2 mM
[14C]lactose (1 ,uCi/pnol) was added to the system.
After 15, 25, and 35 s and 4 min of incubation the
cells from 10 ml of suspension were collected by
membrane filtration and extracts were prepared.
Bands A and B contained free sugars and phospho-
rylated derivatives, respectively (see text); band C
indicates trace amounts offructose 1,6-bisphosphate.
Intracellular concentrations ofsugarphosphates (de-
termined by enzymatic analysis) after 15, 25, and 35
s and 4 min were 10.8, 10.9, 8.8, and 4.6 mM for G6P
and 21.3, 23.6, 23.6, and 9.5 mM for gal 6-P. The
numbers 1 and 2 refer to water and lithium chloride-
formic acid solvent fronts, respectively. (The dark
region associated with solvent front 2 is an artifact
caused by adherence of the layer to the X-ray film
during exposure)

absence of phosphorylated compounds. Free
sugars present in the extract before and after
alkaline phosphatase treatment (Fig. 8, peaks F1
and F2, respectively) were quantitatively identi-
fied by high-voltage electrophoresis and auto-
radiography (Fig. 9). The results showed that
peak F1 (equivalent to Fig. 7, band A) contained
[14C]glucose (86%) and ['4C]lactose (14%). The
['4C]lactose used for this experiment contained
<1% ['4C]glucose as contaminant; therefore, the
[I4C]glucose detected must have been produced
within the cells during lactose uptake. The F2
peak contained [14C]glucose, [14C]fructose, and
an unidentified component. The composition of
band B (Fig. 7) was determined by the difference
between peak F2 and peak F1; this band con-

2 4 6 8 10 12 14 16 18
Fraction number (O 5 m I / fraction )

FIG. 8. Ion-exchange chromatography of 15-s cell
extract (Fig. 7) before (0) and after (0) alkaline
phosphatase treatment. Experimental conditions
were as described in the text; fractions 4 through 11
contained free sugars, and fractions 13 through 22
contained phosphorylated compounds. Peaks desig-
nated F1 and F2 represent free sugars in the extract
before and after alkaline phosphatase treatment, re-
spectively.

tained G6P (60%), F6P (20%), and an unknown
phosphorylated derivative (ca. 20%). It is impor-
tant to note that the amount of [14C]lactose
present in peak F2 was not significantly greater
than that in peak F1. This result, which demon-
strated the absence of lac 6-P in the 15-s cell
extract, was confirmed by using the 25-s, 35-s
and 4-min extracts.

(ii) Enzymatic analysis of cell extracts.
Enzymatic analysis confirmed the presence of
high levels of G6P and gal 6-P in the four cell
extracts (Fig. 7), but the intracellular concentra-
tions of hexose phosphates decreased with in-
creased incubation period (Fig. 2A). Data ob-
tained previously suggest that the observed de-
crease is due to dephosphorylation and efflux of
the free sugars (40). In subsequent experiments
S. lactis ML3 was grown on galactose, lactose,
or maltose, and the starved cells were incubated
with ['4C]lactose for 10 s before filtration and
extraction. Enzymatic analysis (Table 2) showed
that in each case gal 6-P, G6P, and F6P were
the predominant intracellular derivatives. Glu-
cose, galactose, and fructose 1,6-bisphosphate
were also present, but lac 6-P was not detected.
In these studies there was a close correlation
between the initial PEP potential of the starved
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cells and the final concentration of phosphoryl-
ated derivatives formed during maximum lac-
tose accumulation (Table 3).

DISCUSSION
glucose - *10850 v

*._

2110(

400

3901

When accumulation of lactose by LkA-in-
° hibited starved cells of S. lactis ML3 was abol-

ished after 1 s, a lactose monophosphate was
detected in cell extracts, which appeared to be

0 identical to the putative lac 6-P isolated from S.
aureus by Hengstenberg et al. (15). In the pres-
ent study, galactose phosphate was determined
indirectly by an assay of free galactose produced
after alkaline phosphatase treatment. This pro-

0 cedure gives no information concerning the site
of phosphorylation on the galactopyranose mol-
ecule. Circumstantial evidence presented by
Hengstenberg et al. (15-17) suggested that in S.
aureus phosphorylation occurred at C-6 of the
galactosyl moiety, and this is most likely to be

', the case in the derivative prepared from S. lactis
ML3. Lac 6-P has not been chemically synthe-
sized and is not commercially available. How-
ever, lactose l'-phosphate (phosphorylation at

1800 2100

Grig r- -

14C - glucose F1 F?2 14Clactose
standard standard

FIG. 9. Identification of free sugars present in
peaks F, and F2 (Fig. 8) by high-voltage electropho-
resis and autoradiography. Numbers refer to 14C
countsper minute after elution ofthe spots and count-
ing by liquid scintillation.

TABLE 3. Correlation between initial PEP potential
in vivo and enzymatically determined

concentrations ofphosphorylated metabolites
formed during maximum lactose uptake by IAA-

inhibited starved cells of S. lactis ML3

PEP potential Total intracel-
of IAA-inhibited llrcnno

Growth sugar starved celsi phoaphorylated
(mM)a metabolites

Galactose 38.5 37.8
Lactose 32.2 40.4
Maltose 45.6 50.5

a Determined by ONPG hydrolysis method.
b Data obtained from Table 2.

TABLE 2. Intracellular concentrations of metabolites formed after maximum accumulation of lactose by
IAA-inhibited starved cells of S. lactis ML3

Intracellular concn of metabolite (mM)a
Growth
sugar Glucose G6P F6P Fructose 1,6- Triose phos- Galactose Gal 6-P

GOP F6P ~~~bisphosphate phate

Galactose 6.64 + 1.12 9.08 ± 0.51 2.01 t 0.38 Trace (ca. 0.2)b NDc 2.82 ± 0.21 26.70 ± 3.28
Lactose 3.29 ± 0.80 8.78 ± 0.73 2.00 ± 0.93 1.20 ± 0.00 0.44 ± 0.21 1.99 ± 0.34 26.79 ± 0.89
Maltosed 2.06 ± 0.42 13.85 ± 0.90 4.37 ± 0.44 1.70 ± 0.39 0.83 ± 0.23 0.67 ± 0.46 27.28 ± 0.72

Starved cells of S. lactis ML3 (grown previously on either galactose, lactose, or maltose) were initially devoid of these
metabolites. No other glycolytic intermediates were detectable in cell extracts by either autoradiographic or enzymatic analysis.
The results represent means and standard deviations from duplicate analyses of cell extracts obtained from three separate
experiments. The incubation period for lactose uptake was ca. 10 a before membrane filtration. The experimental procedure,
preparation of cell extracts, and methods of enzymatic analysis were as described in the text.

'Detectable by autoradiography (see Fig. 7).
c ND, Not detectable by enzymatic analysis.
d Gal 6-P is the probable inducer of the lac-PTS (31). It is not apparent why induction of this system should occur during

growth on maltose (4-O-8-D-glucopyranosyl-D-glucose), but Cords and McKay (10) reported similar findings with S. laCtis C2.
Maltose transport in S. lactis, as in S. aureus (6), occurs via a non-PTS system (26; Thompson, unpublished data).

fructose-

unknown-

lactose -
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the anomeric C-1 center of the glucose moiety)
has been prepared enzymatically (12) and can
also be obtained from commercial sources. The
lactose derivative isolated from S. lactis ML3
cochromatographed with the lactose l'-phos-
phate isomer.
The PEP potential of starved cells, deter-

mined by two independent methods, was ca. 40
mM. Transport studies conducted in the pres-
ence of IAA suggested a ratio close to unity for
the stoichiometry of maximum uptake of mon-
osaccharide/PEP potential utilized. MaxiLmum
accumulation of lactose (ca. 15 mM) was ap-
proximately one-half that of monosaccharides,
and based on the ratio of 1 mol ofPEP consumed
to 1 mol of lactose transported via the lac-PTS,
the observed accumulation of disaccharide was
only 40 to 50% that expected from the PEP
potential in vivo. Since the total PEP potential
was consumed concomitant with maximum up-

take of all sugars, the data suggested a stoichi-
ometric ratio of ca. 2 mol of PEP utilized to 1
mol of lactose accumulated. Clearly, a consider-
able proportion (ca. 40%) of the PEP potential
had been utilized for a purpose other than trans-
location of lactose via the lac-PTS. This conclu-
sion was confirmed by data obtained from chro-
matography and enzymatic analysis: (i) after
maximum accumulation of lactose (10 to 15 s)
lac 6-P was not detectable in cell extracts, but
(ii) gal 6-P, G6P, and F6P (formed from G6P via
phosphohexoseisomerase) were present at high
levels. Since cleavage of lac 6-P would yield gal
6-P and glucose, an explanation was required for
the fact that the glucose moiety of the disaccha-
ride was recovered mainly as G6P and not as the
free sugar (Table 2). Phosphorylation of glucose
by endogenous ATP was eliminated since ATP
was not detected in starved cells at the com-

mencement of lactose uptake, and the additional
presence ofIAA preventedATP generation from
glycolysis (Table 1). The data suggested'that the
PEP potential served either directly or indirectly
as the phosphoryl donor for G6P formation by
one (or more) of the following three possible
mechanisms: (i) efflux of free glucose followed
by reentry and phosphorylation by the glucose-
PTS, (ii) intracellular phosphorylation via the
glucose PTS, or (iii) phosphorylation by ATP
produced from the PEP potential by pyruvate
kinase. Kinetic considerations seem to eliminate
the first proposal. Phosphorylation of phospho-
transferase sugars is believed to occur simulta-
neously with translocation, and this viewpoint
appears to weaken the argument for the second
mechanism. However, Button et al. (6) demon-
strated that intracellular glucose (derived from
maltose) in S. aureus could be phosphorylated

via the glucose-PTS, and therefore the second
mechanism must be seriously considered in the
present context. The third proposal is equally
plausible in the light of recent experiments con-
ducted in this laboratory. These studies (40, 41)
showed that maintenance of the PEP potential
by starved cells of S. lactis ML3 was a conse-
quence of depletion of intracellular activators of
pyruvate kinase. Conversely, in the presence of
an appropriate effector for the allosteric enzyme,
the PEP potential also becomes an ATP poten-
tial. Gal 6-P was one of several phosphorylated
metabolites which activated pyruvate kinase in
vitro (38). The formation of this compound (and
perhaps lac 6-P per se) during lactose uptake
may permit ATP generation from the PEP po-
tential by "triggering" the previously inactive
pyruvate kinase. Phosphorylation of the glucose
moiety would then occur by an ATP-dependent
hexo(gluco)kinase. It should be pointed out that
ATP was not detectable in cell extracts prepared
1 s after lactose uptake (data not shown), and
this would seem to strengthen the argument for
the second mechanism. Alternatively, the nega-
tive result may demonstrate that ATP formed
by the third mechanism was used for glucose
phosphorylation as rapidly as it was formed. The
"diversion" of PEP potential into phosphoryla-
tion of glucose by either the second or the third
mechanism would result in reduced uptake of
lactose in comparison with accumulation of the
monosaccharides (Fig. 2B).

Possession of the PEP:lac-PTS, phospho-fi-
D-galactoside galactohydrolase, and the enzymes
of the D-tagatose 6-phosphate pathway are pre-
requisites for rapid, homolactic fermentation of
lactose by group N streptococci (25). The cleav-
age products from lac 6-P, namely gal 6-P and
glucose, must be metabolized concurrently to
triose phosphates, and this balanced metabolism
requires the efficient phosphorylation of free
glucose. In starved cells of S. lactis ML3, ap-
proximately 60% of the total PEP potential was
consumed directly in phosphorylation of the ga-
lactosyl moiety of the disaccharide, whereas the
residual 40% was utilized as the phosphoryl do-
nor for the glucose moiety. These data, obtained
in vivo, demonstrate that the mechanisms re-
sponsible for phosphorylation of both hexose
moieties of lactose must be closely integrated
and highly efficient in their use of the available
PEP potential.
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ADDENDUM IN PROOF

The ['4C]lactose phosphate from S. lactis ML3 was cleaved
to galactose phosphate plus ['4C]glucose by highly purified
phospho-f8-galactosidase prepared from Streptococcus mu-
tans. The enzyme preparation was a generous gift from Robert
Calmes, University of Kentucky.
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